Prairie voles (Microtus ochrogaster) typically stop breeding during winter. Male prairie voles respond to winter day lengths with gonadal regression, whereas female voles are relatively unresponsive to photoperiod. Unlike commonly studied laboratory rodents, female prairie voles do not exhibit spontaneous oestrous cycles. Instead, females are induced into oestrus by chemosensory cues from conspecific male urine. The present study investigated the interaction among day length, chemosensory cues and the initial brain responses during oestrus induction in female voles. A single drop of male conspecific urine, saline or skimmed milk was applied to the nares of female prairie voles housed for 9 weeks in either long (LD 16 : 8 h) or short (LD 8 : 16 h) days. Animals were killed 0.5, 1, 2 or 24 h after chemosensory treatment and their brains were processed for Fos immunocytochemistry. Body mass and ovarian fat pad mass were higher, but uterine and ovarian mass were lower, in short-day compared to long-day females. Regardless of photoperiod, Fos-immunoreactivity increased in the granule layer of the accessory olfactory bulb (AOB), the supraoptic nucleus and bed nucleus of the stria terminalis (BNST) (anterior medial) in females treated with male urine compared to the two control groups. Fos staining intensified in the AOB, medial and posterocortical medial amygdala and BNST (posterior ventral), 1 h and 2 h after urine treatment. In the medial preoptic area, anterior and lateral hypothalamus, and ventromedial nucleus of the hypothalamus, Fos-immunoreactivity was elevated in females 2 h after receiving urine. Overall, long-day females displayed higher Fos expression in response to urine than females maintained in short days. These results identify a putative neural circuitry of oestrus induction in this species, and provide an approximate time line of activation in the brain circuit responsible for oestrus induction in prairie voles.
Seasonal breeders use day length as a proximal cue to indicate seasons and thus coordinate reproduction with food availability, warm temperatures and rainfall (1, 2) . Small mammals that inhabit nontropical latitudes often limit reproduction to spring and early summer to optimize reproductive success. This pattern is observed among prairie voles (Microtus ochrogaster), small, short-lived, socially monogamous rodents that inhabit the grasslands of the midwestern USA (3). In the laboratory, simulated winter day lengths (photoperiods) inhibit reproductive function in prairie voles (4) . Although the majority of prairie voles are seasonal breeders, there are reports of photoperiod nonresponsive phenotypes that allow breeding to occur at suboptimal times (5) .
Unlike commonly studied laboratory rodents, such as rats or mice, female prairie voles do not display spontaneous oestrous cycles. Instead, female prairie voles rely on chemosensory signals from adult, conspecific males to induce them into oestrus. Oestrus induction of female prairie voles requires an intact vomeronasal system (VNS) (6) (7) (8) (9) (10) . The nonvolatile oestrus-inducing chemosensory signals stimulate the vomeronasal organ (VNO), and this information is initially processed in the accessory olfactory bulbs (11) (12) (13) (14) . Involvement of the VNS has been largely inferred by ablation studies (15) , rather than directly observing neuronal activity along vomeronasal pathways after stimulation with chemosensory cues (8, 10, 16, 17) . In mice, chemosensory information leaves the accessory olfactory bulb and travels to the ipsilateral corticomedial nuclei of the amygdala (18) . From there, information travels via fibres through the stria terminalis to the bed nucleus of the stria terminalis (BNST), and eventually to the ventromedial hypothalamus (VMH) and medial preoptic area (18) . A similar pathway has been described in rats (2) . Afferents from the VNO project from the mitral to the granule cell layer of the accessory olfactory bulbs, and subsequently project to the reciprocally innervated anterior and posterior medial amygdala. From the medial amygdala, afferents travel along the ventral amygdalofugal pathway to the BNST and preoptic area. From the posteromedial amygdala, projections pass through the stria terminalis to the BNST and medial preoptic area (19) .
When female prairie voles undergo oestrus induction, the VNS is activated after brief (approximately 1 h) physical contact with intact adult male conspecifics or by the direct application of conspecific male urine to the external nares of females (11) . Subsequently, the hypothalamic-pituitary-gonadal axis is activated (7, 20) within 24 h. VNO stimulation usually occurs during olfactory investigation of an unfamiliar male; however, familiar animals rarely engage in ano-genital investigation (21) . In the laboratory, chemical signals from the male can be applied directly to the nares of otherwise isolated females to activate reproductive function (7, 11, 20) . Thus, the onset of the cascade of endocrine responses that govern oestrus can be strictly controlled in this species.
Isolated female prairie voles exhibit virtually undetectable levels of oestradiol. Serum and ovarian oestrogen concentrations increase following contact with males (22, 23) . In some cases, uterine mass increases after stimulation with male urine. For example, uterine mass increases after females have been continuously exposed to males for approximately 1 h, or if urine is applied over a series of days to the upper lip of females (23) . Auditory, visual and volatile-odour stimuli alone are not typically capable of inducing oestrus or increasing uterine mass (14) . In other cases, uterine mass does not change after a single exposure to male urine. For example, despite changes in Fos expression, uterine mass did not change 1 h after a single exposure to one drop of conspecific urine (20) .
In the present study, Fos immunocytochemistry was used to determine the approximate time-course and brain regions that are activated during oestrus induction. Fos is an immediate early gene protein product of the proto-oncogene c-fos, and expression of the c-fos gene and accumulation of Fos protein in neurones have been widely interpreted as elevation or change in neuronal activity (24, 25) . Previous studies using this technique in female prairie voles have discovered changes in neural responsiveness during oestrus induction or postpartum oestrus (20, 25) . Although the brain mechanisms and circuitry of sexual behaviour have been well established in female rats and mice (27, 28) , the neuronal circuitry and temporal parameters of neuronal activation underlying induced oestrus remain unspecified. Because oestrus induction can be controlled with precision in this species by manipulating the conditions under which exposure to male stimuli occurs, prairie voles are an excellent model species for studying the neuronal correlates associated with the onset of oestrous behaviour.
Previous work manipulating photoperiod and examining immunocytochemistry for Fos protein revealed an increased number of immunoreactive cells within the accessory olfactory system of long-day female prairie voles, including the accessory olfactory bulbs as well as the medial and cortical divisions of the amygdala, 1 h after exposure to a single drop of urine (20) . Short-day females did not show a significant elevation in the number of Fosimmunoreactive neurones induced by conspecific male urine. The present study expanded this previous work by examining Fos-immunoreactivity in multiple brain sites after various time periods poststimulation.
The goals of this study were three-fold: (i) to identify any changes after VNO exposure to a single drop of male urine relative to exposure to control substances; (ii) to determine if these changes were affected by photoperiod; and (iii) to characterize the timing involved in the initial activation of oestrus by our measures given the temporal resolution of Fos expression. Thus, we manipulated photoperiod, VNO stimuli, and the time lag between VNO stimulation and the harvesting of brain tissue. We measured: (i) overt morphological changes (e.g. body mass and uterine mass) and (ii) patterns of Fos expression in the brain. We were interested in the onset of oestrus, and a single drop of urine is the smallest stimulus that reliably induces oestrous in 50% of the animals (26) . We hypothesized that neurones of the accessory olfactory bulbs of long-day voles should become activated and display increased Fos staining after 0.5-1 h of urine treatment. Downstream components of the neural circuits of the VNS were predicted to increase Fos staining later after urine stimulation as their regulatory control of the constellation of oestrous behaviours is engaged. We anticipated that short-day voles would exhibit either reduced Fos staining or require additional time to exhibit long-day levels of Fos-staining.
Materials and methods

Animals
One hundred and forty-four sexually mature (> 60 days of age), adult, female prairie voles (Microtus ochrogaster) were obtained from 28 different litters from our breeding colony. This colony was originally generated from wild-caught animals trapped near Urbana, IL, USA (40.118N latitude; 88.208W longitude). Half of the animals were housed in an environmental chamber under a 8 : 16 h light/dark cycle (lights on 07.00 h), whereas the remaining half were housed in an environmental chamber under a 16 : 8 h light/dark cycle (lights on 07.00 h). Both sets of animals were maintained individually in their respective photoperiods for a period of 9 weeks from the time of individual housing until the end of the study. Animals had access to tap water and food (Prolab 1000; Syracuse, NY, USA) ad libitum and were housed in polycarbonate cages (28 Â 17 Â 12 cm). Temperature was held at 21 AE 2 8C and relative humidity at 50 AE 5%.
Procedure
After the animals were maintained in their respective photoperiods for 9 weeks during the winter of 1997-98, they were assigned to one of three chemosensory treatment conditions: (i) physiological saline (0.9% NaCl in distilled water); (ii) skimmed milk or (iii) freshly voided adult male urine obtained from sexually experienced males from our current breeding pairs. One drop (approximately 100 ml) of the liquid was placed on the nares of the female. After the appropriate time period, 0.5 h, 1 h, 2 h or 24 h, animals were sedated with methoxyflurane vapors (Metofane; Medical Developments, Melbourne, Australia), and then given a lethal injection of sodium pentobarbital, perfused transcardially with physiological saline until the effluent was clear, and then perfused with approximately 250 ml of 4% paraformaldehyde in phosphate-buffered saline (PBS). Brains were removed, postfixed in 4% paraformaldehyde overnight (> 24 h), and transferred to a 30% sucrose solution in PBS until the brains sank to the bottom of their vials. Brains were stored at À70 8C until sliced on a cryostat at 40 mm as free-floating sections in 0.1 M PBS. Immunocytochemistry was performed for Fos-like proteins. Antibodies were diluted to 1 : 20 000. Sections were visualized on a bright field microscope under 100Â magnification. Cells positively labelled for Fos were counted in the specific areas as described in the results. These areas were chosen because previous lesion and fos studies in voles and other rodents implicated these brain regions in the control of oestrus onset, and because we initially visually inspected the tissue and focused counting in areas that qualitatively exhibited high levels of fos induction. Cell counts were reported as cells per mm Vector Laboratories, Burlingame, CA, USA) for 90 min After rinsing with PBS, sections were incubated in Avidin-Biotin-HRP complex for 1 h (Vector Elite kit, Vector Laboratories). Sections were rinsed, then HRP label was visualized using 0.04% DAB (3, 3 0 diaminobenzidineÁ4HCl) in 0.1 M PBS as the chromogen and 0.01% hydrogen peroxide as the substrate. Reaction was terminated by multiple washes with PBS. Sections were then mounted on gelatin coated slides, dehydrated in a graded series of ethanol solutions (30%, 70%, 95%, 100%), cleared in HistoClear (National Diagnostics, Atlanta, GA, USA), and cover slips were applied.
Cell counting procedures
Slides were examined under bright field illumination on a Nikon Optiphot microscope. A mouse brain atlas (29) was used to identify regions of Fos-immunoreactive (Fos-ir) cell distributions. All cells were counted by transfering the fields of view of the microscope onto a Power Macintosh computer using a Sanyo CCD video camera (Model #VCC-3972) connected to a Nikon Optiphot microscope. Cell bodies of Fos-ir neurones were counted for every section using a cell-counting macro written for NIH Image software, version 1.62 (http://rsb.info.nih.gov/nih-image/). First, a whole-field background was subtracted from the image, to account for differences in field illumination. A box of appropriate area (10 000, 40 000 or 160 000 pixels at 100Â) was placed within the nucleus being measured. The '2-d rolling ball' feature of the 'process' commands was used to subtract background variations further. The contrast was enhanced by using the 'sharpen' feature under 'process' commands. If the cell was not sufficiently bright (as determined by a preset optical density requirement set forth under the 'option' commands), then it was not counted by the program. Particles of size ranging between 2 and 50 pixels were counted as cells by the 'analyse particles' feature under the 'analyse' commands. These sizes were chosen by measuring the area of the smallest and largest ( Â 2) cell counted during a pilot series.
Statistical analysis
Cell counts were averaged separately for each brain region in each vole, so that a single value represented each vole and could be grouped with the other values of voles in the same experimental group. Uterine masses were expressed relative to their respective body masses according to the following formula:
Uterine mass data were then transformed into log 10 values and analysed. The same procedure was conducted for gonad fat mass and ovarian mass data. Data for body mass, uterine mass, gonad fat mass, ovary mass, and cell counts were analysed using two-and three-way ANOVA. All pairwise comparisons were conducted using the Tukey-HSD test and planned comparisons where appropriate. Any post-hoc analyses were subjected to a Scheffé correction. P < 0.05 was considered statistically significant.
Results
Reproductive organs and body mass
Uterine and ovarian masses in long-day females were higher than in short-day females (P < 0.01 and 0.05, respectively). Body mass and gonadal fat pad masses were heavier in short-day than in long-day, females (P < 0.05 and 0.01, respectively). Uterine mass significantly increased in response to chemosensory stimulus (P < 0.05), but neither ovarian gonadal fat pad mass nor body mass changed after chemosensory stimulation (P > 0.05 in both cases) (Fig. 1) .
Fos ICC in the vomeronasal system
Accessory olfactory bulbs Irrespective of time, urine-stimulated females showed significantly higher Fos-immunoreactivity in the AOB than voles from either control group (i.e. saline and skimmed milk) (P < 0.05 in all cases) (Figs 2 and 3) . Overall, females exhibited a rise in Fosimmunoreactivity in the external plexiform cell layer of the AOB 0.5 h after urine stimulation (P < 0.05) (Figs 2 and 4A ). The number of Fos-ir positive cells remained elevated above paired controls at the 1 h and 2 h time points in long-day voles (P < 0.05) FIG. 1. The effect of photoperiod manifests itself in the gross physiology: body mass and gonadol fat mass were higher in short as compared to long days; whereas uterine mass and ovarian mass were higher in long days.
Ã P < 0.05. ( Fig. 2 and 3A,E,I ). In contrast, urine-stimulated short-day females had elevated Fos-immunoreactivity 1 h after urine stimulation compared to the saline control group and at 2 h after the milk control group (Fig. 2) . The number of Fos-ir cells returned to baseline levels after 24 h in all treatment groups (Figs 2 and 4D ). In the granule layer of the accessory olfactory bulb, Fos-ir cell number was elevated at 1 h and 2 h compared to paired controls in both the short-and long-day females (P < 0.05) (Fig. 2) . Additionally, Fos-ir cell number was higher at the 0.5 h time point compared to the saline group in both long-and short-day voles (P < 0.05). Fos-ir response dropped to control levels by 24 h poststimulation in both long-and short-day females (Figs 2 and 4D) .
Amygdaloid nuclei
The anterior medial amygdala and dorsal medial amygdala were similar in Fos expression, which peaked approximately 2 h after stimulation with a single drop of urine. In each nucleus and in voles from either photoperiodic condition, the 1 h urine stimulated groups had higher Fos-ir cell numbers than saline controls (P < 0.05), but not skimmed milk controls (P > 0.05) (Fig. 3B,F,J) . At 2 h, long-day voles exposed to urine had higher numbers of Fos-ir cells than voles from either control group (P < 0.05 in both cases), whereas short-day urine-stimulated females did not differ from control females at this time point (P > 0.05) (Fig. 5) . Furthermore, long-day, urine-stimulated females expressed higher levels of Fosimmunoreactivity than did urine-stimulated females in short days in the medial and dorsal medial amygdala (P < 0.05) (Fig. 5 ).
In the ventral medial amygdala (VMEA), long-day females displayed elevated Fos-immunoreactivity both 1 h (compared to saline only) and 2 h after urine stimulation (P < 0.05) (Figs 3B,F,J and 5) for stimulus comparison at 1 h); however, by 24 h, Fos-ir responses returned to control levels ( Figs 4L and 5) . In short days, the 1 h urine-treated group showed elevated Fos-ir cell numbers compared to voles in the two control groups at 1 h. In long days, the 2 h urine-stimulated group levels of Fos-immunoreactivity were significantly elevated compared to every group in the (mean AE SEM) 1 h and 2 h after urine stimulation in female prairie voles that were maintained for 9 weeks in either long (LD 16 : 8) or short (LD 8 : 16) day lengths. Similarly, the granule layer of the accessory olfactory bulbs shows increased numbers of immunoreactive cells/27208 mm 2 (mean AE SEM) at 0.5, 1, and 2 h after urine stimulation. All females were exposed to one of three chemical compounds, saline, skimmed milk, or fresh male urine. Time from stimulation until perfusion is noted on the x-axis.
VMEA, whereas the response at 2 h had decreased slightly, but significantly from the 1 h time point in short-day voles. Furthermore, short-day voles displayed significantly elevated Fos-ir cells 2 h after urine treatment compared to the voles receiving skimmed milk (P < 0.05), but not saline (P > 0.05) (Fig. 5) .
In the posterior corticomedial nucleus of the amygdala (PMCO) of long-day females, elevated numbers of Fos-ir cells were exhibited 1 h and 2 h after urine stimulation (P < 0.05 in each case) (Fig. 5) . A robust increase was also observed in short-day voles (P < 0.05) (Fig. 5) . The number of Fos-ir positive cells decreased to control levels by 24 h in voles housed in either photoperiod.
Bed nucleus of the stria terminalis
Overall, urine treatment increased the numbers of Fos-ir cells in the bed nucleus of the stria terminalis medial anterior portion (BNSTma) at 0.5, 1 (compared to saline only) and 2 h (compared to saline only) after application (P < 0.05 in each case) (Fig. 6) . However, short-day voles only displayed increased Fos-ir staining 2 h after urine treatment compared to animals receiving skimmed milk (P < 0.05), but not saline (P > 0.05) (Fig. 6) . Again, the number of Fos-ir cells decreased to baseline levels by 24 h in voles housed in either photoperiod.
In the posterior ventral portion of the BNST (BNSTpv), urine treatment increased the numbers of Fos-ir positive cells in the bed nucleus at 1 h and 2 h (compared to saline only) after application (P < 0.05 in each case) (Figs 3 and 6) . A significant increase in Fos-ir cell numbers occurred in the BNSTpv 2 h after urine treatment compared to the voles treated with skimmed milk (P < 0.05), but not saline (P > 0.05). Fos-immunoreactivty decreased by 24 h poststimulation (P < 0.05) (Fig. 6) .
Hypothalamic areas
In the medial preoptic area (MPOA), Fos-immunoreactivity did not increase until 2 h after stimulation with urine in voles housed in either photoperiod (P < 0.05 in both cases). The number of Fos-ir cells returned to baseline 24 h poststimulation (Fig. 7) . Similar results were obtained in the anterior hypothalamus (i.e. FIG. 5 . All females were exposed to one of three chemical compounds, saline, skimmed milk, or fresh male urine. After 1 h and 2 h, the anterior medial amygdala and dorsal medial amygdala of urine treated females showed elevated numbers of Fos-immunoreactive (ir) cells/108832 mm 2 (mean AE SEM) in prairie voles that were maintained for 9 weeks in long (LD 16 : 8) day lengths. In short day lengths (LD 8 : 16), Fos-immunoreactivity is elevated only at the 1 h time point with respect to the saline control at that time point. The ventromedial nucleus of the amygdala shows elevated numbers of Fos-ir cells/108832 mm 2 (mean AE SEM) after 1 h in urine-stimulated female prairie voles in short (LD 8 : 16) day lengths, but not in long-day females. Instead, long-day, urine-stimulated females showed elevated Fos-immunoreactivity at 2 h poststimulation. The posterior cortical-medial nucleus of the amygdala shows elevated numbers of Fos-ir cells/108832 mm 2 (mean AE SEM) in urine stimulated female prairie voles. In long-day urine-stimulated females, elevated Fos-ir occurs at the 1 h and 2 h time points, but only at the 2 h time point in the short-day, urine-stimulated females. Other symbols and conventions as given in Fig. 2 Fos-immunoreactivity was elevated 2 h after urine was applied to the external nares) (Figs 7 and 8A,B) . A similar pattern of results was observed in the lateral hypothalamus, but in addition to the increase in Fos-ir cell numbers 2 h after stimulation with urine, long-day voles treated with urine also displayed a significant elevation in Fos-ir cell numbers compared to voles treated with saline at 1 h (P < 0.05) (Fig. 7) . Again, the number of Fos-ir cells dropped to baseline levels 24 h later. Fos-immunoreactivity was elevated in long-day females 2 h after urine treatment, but no other significant mean differences were detected in the VMH (Fig. 8C,D) . Few Fos-ir positive cells were observed in the short-day females, regardless of time or stimulus.
Discussion
In all of the brain nuclei examined (across photoperiod), female prairie voles provided with a single drop of urine showed higher Fos activation than females treated with either milk or saline. This activation was also accompanied by changes demonstrable at the level of reproductive function (i.e. uterine mass increased among females stimulated with urine). In general, long-day females showed higher Fos activation in response to urine than females maintained on short days. Together, these results confirm and extend previous findings on oestrus induction in this species (20, (30) (31) (32) . In general, long-day females are less discriminatory or more responsive to chemosensory 'cues', and showed higher Fos activation in response to urine than females maintained on short days.
Changes in neuronal activity, as indicated by increased Fos-ir levels, were observed in the AOB/ granule layer of the accessory olfactory bulbs (GrA) and BNSTma after 0.5 h; the BNSTpm, medial amygdala and posterior cortical-medial nucleus after 1 h, and basal hypothalamus after 2 h (Fig. 9 ). Females exposed to milk or saline did not increase Fos expression in these brain regions. The experimental design uncovered a staggered activation of brain FIG. 6 . The anterior medial bed nucleus of the stria terminalis displays increased numbers of Fos-immunoreactive (ir) cells/108832 mm 2 (mean AE SEM) in urinestimulated female prairie voles that were maintained for 9 weeks in long (LD 16 : 8) day lengths 0.5, 1, and 2 h poststimulation. In short day (LD 8 : 16), urinestimulated females showed elevated Fos-immunoreactivity at the 2 h time point with respect to the milk control. The posterior ventral bed nucleus of the stria terminalis shows elevated numbers of Fos-ir cells/108832 mm 2 (mean AE SEM) in urine-stimulated female prairie voles maintained in long day lengths. However, in short day lengths, urine-stimulated females did not show increases in Fos-immunoreactivity until 2 h poststimulation, with respect to skimmed milk controls. All females were exposed to one of three chemical compounds, saline, skimmed milk, or fresh male urine. Other symbols and conventions as given in Fig. 2. regions in the urine-stimulated females. For example, the basal hypothalamus did not show maximal activation until 2 h poststimulation; whereas maximal stimulation in upstream parts of the VNS occurred within 1 h of urine treatment (Fig. 9) . These results provide evidence of the delay in activation between the first part and the terminus of the neural circuit underlying the initial steps of oestrus induction in prairie voles.
Changes in Fos activity probably precede any obvious changes in behaviour after stimulation with a male or his urine (23) . Indeed, changes in the neural circuitry likely represent a more sensitive assay of environmental perturbations, including reception of male stimuli, than analyses of uterine size. Consequently, a more robust effect can be detected in brain compared to uterine tissue in response to very brief contact with male urine. In our previous study, long-day female voles responded to male urine with higher fos staining in the accessory olfactory system, and medial and cortical divisions of the amygdala 1 h after exposure to a single drop of urine than short-day voles (20) . Because milk is presumably a reproductively neutral stimulus, the fosimmunoreactivity observed in response to milk should be representative of the neuronal response to nonspecific chemosensory stimulation. Saline has no chemosensory valence; therefore, fosimmunoreactivity observed in response to saline treatment should reflect the activity of the neurones in association to being handled and treated with a fluid into the nares. The photoperiodic changes reported in previous studies (20) were only evident after subtracting the control values from the urine-treated values. Although we did not replicate this finding at the 1 h time point, generally, across all time points and examined brain regions, fos-immunoreactivity expression was elevated by urine in long-day females compared to short-day voles. The discrepancy in the results between the two studies may reflect unplanned differences in the concentrations of oestrus-inducing factors in the male urine, differences in the fos antibody, and/or differences in female sensitivities to male stimuli (33) . Indeed, the oestrus induction system is very sensitive as a significant minority (i.e. 13%) of female prairie voles can be induced into oestrus simply by changing their cages (14) .
The activation pattern observed in the present study (activation of the GrA/AOB, BNSTpm, PMCO, MPOA, anterior hypothalamus) is similar to that described in male hamsters that are stimulated with female conspecific vaginal secretions (16) . Ablation of the BNST, medial amygdala or magnocellular area of the preoptic area causes severe impairment of copulatory behaviour in male hamsters (16) . The present study also showed Fos activation at the supraoptic nucleus, VMH, medial amygdala and BNSTma in female prairie voles.
These findings also confirm and extend previous observations from female rats that were examined for Fos activation patterns 1, 2 or 3 h after repetitive mating or being housed in cages soiled by conspecific males (34) . Activation of the AOB/GrA and MEA was reported at each of the examined time points. Activation of the BNST ventral to the fornix (BNSTpv) occurred at 3 h in all animals and at 2 h in one animal, but no activation was detected 1 h after stimulation. Importantly, several studies have reported that the AOB projects directly to the BNST as well as the MEA (6, 15, 35) . Fos activation was also reported in the VMH 1, 2 or 3 h after male stimuli (mating or soiled bedding).
Recent data from meadow voles (36) (37) (38) suggest that the attractiveness of long-day male urine odour is higher than of urine from long-day males with either low prolactin or low testosterone concentrations. In males exposed to short-day photoperiods, urine attractivity was dependent on the prolactin concentrations alone. Therefore, females may base the behaviour (ano-genital investigation) that facilitates vomeronasal contact with male urine on the extent to which the odour is attractive. Therefore, females would not choose to contact a male unless his volatile odours were attractive.
If the quality and attractivity of the male urine is photoperioddependent, then the likelihood of the female investigating and coming into physical contact with the urine is reduced during short days. Thus, regulation of oestrous behaviour of female prairie voles may depend on the reproductive status of males. Preference studies imply that ano-genital sniffing, and subsequent proceptive and oestrous behaviours, may also be dependent upon chemosensory signals (38) . If contact with the urine of the male is necessary to stimulate female VNS, then a volatile odour must attract females to encourage ano-genital investigation.
Day length influences proceptive behaviour in female prairie voles (39); however, day length does not appear to influence the sexual behaviour or ultimate reproductive capacity of female prairie voles in the laboratory, because females housed in either long or short days produce similar numbers of viable offspring (4). Therefore, if the performance of proceptive behaviours wanes in short days, then oestrus induction may not usually occur during winter in the field because of a lack of the necessary urine stimulation in short-day females. If this is the case, then selective pressure for female prairie vole brain function or reproductive function to change with the seasons may be reduced compared to male prairie voles. Rather, expression of critical proceptive behaviours such as ano-genital grooming may regulate oestrus induction at a behavioural level. This system would only work in socially monogamous species, such as prairie voles (3). Anoestrous females exhibit early proceptive behaviours, including anogenital grooming, upon encountering an unfamiliar male, but they are not usually capable of displaying receptive behaviours without being induced into full oestrus (39) . Receptive behaviour is not typically displayed until 18 h after initial contact with a male (21) . Further studies are required to determine whether the factors or neural mechanisms mediating proceptive behaviours are different from those underlying receptive behaviours in this species. Together, autumnal termination of breeding may reflect, in part, the inability of males to induce oestrus because of low testosterone or possibly alterations in circulating prolactin concentrations. Alternatively, the sensory-neuroendocrine axis of short-day females may be less sensitive than that of long-day females to male stimuli, either at the onset of oestrous induction (as examined in the present study) or near the end when behavioural changes emerge. Certainly, graded responses in the oestrus induction process are possible. At least 24 possible, different epithelial cell type combinations (levels of stimulation) of vaginal and uterine cells have been recognized during oestrus induction in prairie voles (40) . Oestrus induction has also been categorized into three phases (14) : (i) vaginal perforation; (ii) vaginal keratinization and sloughing of cornified cells; and (iii) uterine development and subsequent behavioural changes associated with oestrus. The phases normally occur in the sequence as enumerated, but suboptimal male stimulation can dissociate these events. Future studies will need to link these phases of oestrus with different endocrine thresholds and activation of the neural circuitry underlying induced oestrus, as well as determining the quality of female sensitivity to different nonvolatile stimuli. FIG. 9 . A schematic of the vole brain in horizontal section at 0.5, 1, 2, and 24 h poststimulation. Activation at the given time is indicated by asterisks in that area of the brain. The proposed circuit starts with the accessory olfactory bulbs (AOB), and two circuits run concomitantly: one running to the amygdala nuclei [dorsal (d) and ventral (v) portions of the medial amygdala (MEA)] that are active at 1 h and 2 h poststimulation and the other circuit running to the anterior portion of the bed nucleus of the stria terminalis (BNST) first. From the bed nucleus, the next target could be the medial preoptic area (MPOA) and anterior hypothalamus (AHA). The main accessory olfactory circuit originating in the accessory bulbs projects to the amygdala first, then to the bed nucleus via the stria terminalis, and finally terminates in the medial preoptic area, the anterior hypothalamus, and ventromedial nucleus of the hypothalamus (VMH).
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